Abstract. The  and  crystals of polyamide-6 were examined by terahertz absorption spectroscopy from 90 to 230 °C. For the  crystals, the absorption band at 6.5 THz, assigned as a lattice vibration perpendicular to the molecular chain, decreased in intensity with increasing temperature, ending near the Brill transition temperature (T Brill ≈ 160 °C).
Introduction
The physical properties of crystalline polymers are difficult to investigate in detail because of their inhomogeneous, non-equilibrium natures. To achieve a complete understanding of these materials, comprehensive studies that consider the crystal structure, crystallinity, crystal size, and their dependence on temperature and thermal history are needed. Recently several works have been published, discussing the relation between structure and dynamics in crystalline polymers by combining techniques of neutron and X-ray scattering, and dielectric spectroscopy. [1] [2] [3] The interplay between inter-and intra-molecular dynamics in amorphous polymer has also been revealed by dielectric spectroscopy, nuclear magnetic resonance, infrared spectroscopy, and differential scanning calorimetry. 4 In this work, we investigated the low-frequency vibrations of crystalline polyamide-6 (PA6) to elucidate the intermolecular vibrations and molecular conformations changing as functions of temperature and thermal history.
PA6, also known as nylon-6, is a crystalline polymer used in various industrial products. Consisting of repeating [-NH-CO-(CH 2 ) 5 
. [5] [6] [7] [8] [9] [10] [11] [12] In the  crystals, neighboring extended chains are connected by hydrogen bonds to form a sheet 4 structure. The distance between neighboring sheets is shorter than that between hydrogen-bonded chains, which results in an asymmetric lattice structure, a ≠ c. The  crystals, on the other hand, consist of twisted molecular chains, and the lattice constants a and c are close in value. Thermodynamically, the  crystal is more stable than the  crystal. 9 Upon rapid cooling from the melt, PA6 prefers to crystallize first into the metastable  crystal, which can then transform into the  crystal by annealing above 120 °C. 13 The  phase undergoes a structural transition, known as the Brill transition, at T Brill ≈ 160 °C. As the temperature rises from room temperature, the values of the a and c lattice constants gradually converge, and coincide at T Brill . The higher temperature phase is called the ′ crystal or pseudo-hexagonal (PH) phase, in which the lattice parameters a and c are nearly equal and librational motion of the molecular chain is possible. [14] [15] [16] The crystallites are surrounded by an amorphous phase which has a glass transition at ~54 °C (T g ). 6, 10 The degree of crystallinity depends on the cooling rate from the melt, i.e., the amorphous portion increases with increasing cooling rate. 19 THz spectroscopy has recaptured interest in various research fields. [20] [21] [22] [23] For polymers, rich spectral features are observed in this frequency range, such as skeletal vibrations and the libration of side groups. [24] [25] [26] [27] [28] [29] [30] [31] [32] As these motions are strongly coupled with intermolecular motions, assignment is usually not a straightforward task. In crystalline polymers, lattice phonon modes can also be detected, which depend sensitively on the crystal structure. Therefore, THz spectroscopy provides information not only about the local conformations in the polymer chains but also about the packing structures of the chains.
In this work, we measured the THz absorption spectra of PA6 in different condensed forms under various thermal conditions. By comparing those results with differential scanning calorimetry (DSC) and X-ray diffraction (XRD) measurements, the conformational changes due to temperature variations and thermal history were investigated in detail. The sample temperature was measured using a PT100 thermocouple, which was accurate to within ±0.2 °C.
The thermal properties of the PA6 films were characterized using a differential scanning calorimeter (SII Exstar X-DSC7000) from −80 to 250 °C at a heating rate of 10 °C min −1 .
Results

THz spectra of liquid and crystalline and  phases
The  and  crystals were obtained by annealing the supercooled liquid at 190 °C for 15 h and 100 °C for 5 h, respectively. The film surface of the  crystal was slightly degraded due to the long annealing, which however little affected the THz spectrum.
The effect of moisture absorption, on the other hand, significantly changed the spectrum, since PA6 is hygroscopic. 33 Therefore the sample films were dried at 113 °C ( crystal) and 95 °C ( crystal) for 10 min under nitrogen gas flow (40 L min 1 ) before the measurements. shows the THz spectra of the two crystalline phases at 1 °C and the liquid at 227 °C. The  crystal spectrum reveals two large bands at 3.2 and 8.7 THz, together with small bands at 2.0, 5.8, 6.5, and 10.3 THz. The band at 8.7 THz consists of two components. The spectrum for the crystal shows two large, broad bands at 3.2 and 9.3 THz, where the latter consists of two components. The reduced number of bands in the  crystal may be because several optical phonon modes observed in the  crystal become degenerate because of its symmetric structure (a ≈ c). These results are consistent with those in previous work. 5, 34 The liquid phase spectrum exhibits two very broad bands centered at 2.5 and 9.2 THz, which may be intramolecular modes or the vibrations of hydrogen bonds. For the  crystal, polarized THz spectroscopy for stretched films was also conducted, where the bands at 2.0 and 8.7 THz were assigned to the vibrational modes along the molecular chain, while those at 3.2, 5.8, 6.5, and 10.3 THz were perpendicular to the chain. 35 Precise mode assignments by quantum mechanical calculations are presently ongoing. THz. The change continues up to 160 °C, which is close to the Brill transition temperature. The decrease in intensity at 8.5-9 THz is accompanied by an increasing trend at 9-9.5 THz, indicating that the band shifts to higher frequency with temperature.
The increases in intensity at 1-3 THz and 9.5-11 THz seem to have a common origin, since both start at the same temperature, 110 °C, where the sample film was annealed (T ann ≈ 113 °C) to remove water before measurement. Thus, we suggest that the thermal history appears in the THz spectrum.
For the  crystal, the THz spectrum is less dependent on temperature in comparison ( Figure 4 ). The broad peak at 3-4 THz decreases with increasing temperature, as do the intensities of the peaks at 8.5 and 9.5 THz. These declines finish near 130 °C; thereafter, the absorption intensity at 5-9 THz increases with increasing temperature. The significant change near 130 °C may be due to the transformation of the  to the  crystalline phase. The spectral intensity above 10 THz starts increasing at ~100 °C, similarly to the  crystal. This onset temperature (~100 °C) is close to the annealing temperature (T ann ≈ 95 °C), indicating that the spectral change above 10 THz is related to the annealing effect.
Discussion
Brill and glass transitions
Temperature variations in low frequency vibrations can be related to conformational changes. Figure 5 (a) shows the spectral changes of the  crystal between 5 and 7.5 THz.
These bands are characteristic to the  crystal and correspond to vibrational modes perpendicular to the molecular chain. The significant decrease in band intensity with increasing temperature indicates that the observed mode is a phonon-like vibration rather than an intramolecular vibration. Both bands at 5.8 and 6.5 THz shift slightly to lower frequency with increasing temperature, suggesting that the inter-chain distances are also changed. These results are consistent with the XRD measurements ( Figure 6 (a), (b) ), which demonstrate that the distance between the chains in the hydrogen-bonded sheet and that between the sheets are reduced as the temperature rises. Figure 5 (b) shows the maximum intensity for the spectral peak at 6.5 THz plotted against temperature. The intensity decreases at a constant rate from 100 to 50 °C, accelerates above 50 °C, and stops at 160 °C. These two inflection points correspond to T g ≈ 54 °C and T Brill ≈ 160 °C.
The anomaly at T Brill is reasonable, since the d-spacing changes also end at this temperature ( Figure 6 (b) ). The change at T g is rather interesting, because the band is characteristic to the  crystal although the glass transition takes place in the surrounding amorphous region. Thus, relaxation of the amorphous polymer influences the structural change in the neighboring  crystal. The temperature variations in the d-spacings ( Figure   6 (b)) also show inflection points at T g , supporting the THz spectroscopy results.
The THz spectrum from 8 to 10 THz was successfully fitted using two Voigt functions (Figure 7 (b) ). As with the band at 6.5 THz, the former temperature corresponds to T g (~54 °C) and the latter corresponds to T Brill (~160 °C).
Since Band 1 reflects the vibrational mode parallel to the molecular chain, it is clear that not only the inter-chain distance but also the intra-chain structure changes with temperature, stopping at T Brill . The anomaly at T g suggests that the softening of the amorphous phase at this temperature also influences the skeletal vibrations along the 13 molecular chain in the  crystal. Significant coupling between amorphous and crystalline domains has also been observed in high-density polyethylene. 36 The relaxation in the amorphous phase at T g may reduce the external pressure acting on the crystalline phases, and change the crystal structure.
The peak-top frequency of Band 2, on the other hand, does not significantly depend on temperature ( Figure 7 (b) ). Considering that a similar broad band is observed for the liquid phase at 9.2 THz (Figure 2 (b) ), Band 2 may be due to skeletal vibrations in the amorphous region. It is interesting that no anomaly is observed at T g , suggesting that structural relaxation in the amorphous phase is uncoupled from this mode. This may be because the skeletal vibrations in the amorphous phase are only slightly affected by the external pressure due to the rearrangements of the disordered molecular chains.
Thermal History
The temperature variation of the spectral intensity at 911 THz as well as the Similar annealing effects are also observed in the DSC traces (Figure 9 ), in which small endothermic peaks can be detected at T ann . These results suggest that a small part of the crystal melts at the annealing temperature. The increase in the THz absorption intensity is explained that an increase in the liquid-like disordered conformation results in a growth of broad peak at 7-11 THz (as in Figure 2 (b)). It is indicated that a metastable crystal is generated during the annealing, 37, 38 which melts at T ann during the subsequent heating.
Since no characteristic band for this metastable phase has been observed in THz spectrum, the structure seems similar to that of the  crystal or pseudo hexagonal phase.
Conclusions
THz absorption spectra were measured for the  and  crystalline forms of PA6 from 90 to 230 °C in the frequency range from 1 to 11 THz. The THz spectra of the  crystal,  crystal, and liquid phases were shown to be different, and good correspondence to the XRD results was confirmed. The absorption band of the  crystal at 6.5 THz, which was assigned as a mode perpendicular to the molecular chain, was found to decrease in intensity with increasing temperature, indicating that the molecular chain packing in the  crystals continuously loosens with temperature, up to T Brill . The band at 8.7 THz, corresponding to the vibration along the molecular chains in the  crystal, was found to shift in frequency with increasing temperature; the rate of shift increased at the glass transition point of the surrounding amorphous material. A correlation was confirmed between the skeletal vibration along the molecular chain in the  crystal and the slowly relaxing molecular motion in the amorphous phase. The partial melting of crystals was observed as an increase in the spectral intensity above 9 THz, which became significant at the annealing temperature. This was interpreted as due to the generation of semi-crystals with different melting temperatures as a result of varying the maximum annealing temperature.
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